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We report systematic measurements of dielectron (e+e−) invariant-massMee spectra at midrapidity in Au + Au
collisions at

√
sNN = 27, 39, and 62.4 GeV taken with the STAR detector at the Relativistic Heavy Ion

Collider. For all energies studied, a significant excess yield of dielectrons is observed in the low-mass region
(0.40 < Mee < 0.75 MeV/c2) compared to hadronic cocktail simulations at freeze-out. Models that include an
in-medium broadening of the ρ-meson spectral function consistently describe the observed excess. In addition,
we report acceptance-corrected dielectron-excess spectra for Au + Au collisions at midrapidity (|yee| < 1) in
the 0–80% centrality bin for each collision energy. The integrated excess yields for 0.4 < Mee < 0.75 GeV/c2,
normalized by the charged particle multiplicity at midrapidity, are compared with previously published measure-
ments for Au + Au at

√
sNN = 19.6 and 200 GeV. Models that include an in-medium broadening of the ρ-meson

spectral function consistently describe the observed excess. The normalized excess yields in the low-mass region
show no significant collision energy dependence. The data, however, are consistent with model calculations that
demonstrate a modest energy dependence.

DOI: 10.1103/PhysRevC.107.L061901

Experimentally, dileptons are good probes of the hot quan-
tum chromodynamics (QCD) medium created in heavy-ion
collisions because leptons are not affected by the strong inter-
action. As a result, leptons can traverse the hot medium with
minimal final-state effects, providing means to experimentally
test models that predict chiral symmetry restoration and en-
able a better understanding of the microscopic properties of
QCD matter.

The generation of hadronic masses is in part caused by
the spontaneous breaking of chiral symmetry [1,2]. Ultrarel-
ativistic heavy-ion collisions produce a hot and dense QCD
medium, a quark-gluon plasma (QGP), where partial chiral
symmetry restoration is expected [3]. Theoretical calculations
suggest that chiral symmetry restoration will result in the
modification of chiral partners such as the ρ(770) vector
meson and the a1(1260) axial-vector meson [4] with subse-
quent ρ and a1 mass degeneracy. Reconstruction of the a1 is
an experimentally challenging task with its broad resonance
width and decay daughter(s) (e.g., π ) that rescatter in the QCD
medium. The ρ, however, can be reconstructed through its
leptonic e+e− decay channel, allowing its spectral distribution
to be studied.

The CERES Collaboration at the Super Proton Synchrotron
observed an excess yield in Pb + Au collisions at

√
sNN = 8

and 17.3 GeV [5,6] in the low dielectron (unlike-sign pairs
unless otherwise specified) invariant mass range (LMR) (i.e.,
below the φ meson mass), where excess yield is the differ-
ence between the measured yield and an expected yield based
on simulations. The excess yield in the LMR was observed
relative to known hadronic sources, including the ρ decay
in vacuum. High-precision dimuon measurements in In + In
collisions by the NA60 Collaboration at

√
sNN = 17.3 GeV

suggest that the observed LMR excess is consistent with
the in-medium broadening of the ρ spectral function [7]. At
the Relativistic Heavy Ion Collider (RHIC), measurements
of dielectron mass spectra in Au + Au collisions at

√
sNN =

200 GeV show a significant excess in the LMR when com-
pared to the known hadronic sources. The excess has been
observed by both the STAR and PHENIX Collaborations
[8–12]. Theoretical calculations using a many-body approach
[13] or a transport model [14,15] predict an in-medium broad-
ened ρ spectral function, and both calculations are consistent
with the previously published STAR and ALICE results from

Au + Au at
√
sNN = 200 GeV and Pb + Pb at

√
sNN = 5.02

TeV [16], respectively.
The RHIC Beam Energy Scan (BES) program [17] pro-

vides a unique opportunity to systematically test these
calculations as a function of the initial collision energy. In
the BES energy range between

√
sNN = 27 and 62.4 GeV

we observe the freeze-out temperature1 to remain constant
[18]. Moreover, we find the total baryon density to remain
approximately constant, based on the yield ratio of protons
and antiprotons to charged pions [18,19]. Both will serve
here as a baseline against which to test the aforementioned
theoretical calculations.

In this Letter, the STAR Collaboration presents the first
measurements of dielectron production in Au + Au colli-
sions with colliding nucleon + nucleon pair energy (

√
sNN )

at 27, 39, and 62.4 GeV. The data were collected by the
STAR detector in the 2010 and 2011 RHIC runs using a
minimum-bias trigger which requires a coincidence of signals
in the −z and +z components of either the vertex position
detector, beam-beam counters, or the zero degree calorime-
ters. The analyses included 68M, 132M, and 62M (where
M denotes 106) collision events for

√
sNN = 27, 39, and

62.4 GeV, respectively. The main detector systems involved in
this analysis are the Time Projection Chamber (TPC) [20] and
the time-of-flight (TOF) detectors [21]. We report the LMR
acceptance-corrected excess yields for the 80% most-central
collisions.

Electron identification was performed using methods de-
scribed in [9]. The TPC is used for electron identification via
energy-loss measurements, and, in conjunction with the TOF,
the electron signal is improved by removing slow hadrons.
The purity of the electron samples is 95% for 62.4 GeV and
94% for the other two energies. The invariant mass spectrum
for dielectrons was generated using all accepted, oppositely
charged electron candidate pairs from the same event and
summing over all events. Only electrons with pseudorapid-
ity |ηe| < 1 and transverse momentum peT > 0.2GeV/c were
used in this analysis. The dielectrons from photon conversion
in the detector materials were greatly suppressed by requiring

1The temperature of the expanding QCD matter when nuclear scat-
terings cease.
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a minimum pair opening angle, as described in [9,11]. The
like-sign combination method was adopted to reproduce the
background because it simultaneously reproduces correlated
and uncorrelated sources [11]. The background subtraction
was performed as a function of Mee and pair momentum peeT .

The raw data were corrected for the single-electron recon-
struction efficiency as well as for the loss of dielectrons in
the very low-mass region Mee < 0.2GeV/c2 caused by the
minimum opening angle requirement. An embedding tech-
nique was used to determine the tracking efficiency [9,10],
while the electron identification efficiency was derived from
data-driven techniques [9]. The single-electron reconstruction
efficiency was folded into the pair efficiency via a virtual
photon method [10] and applied to the background-subtracted
dielectron spectrum in Mee and peeT .

The systematic uncertainties in the final mass spectra in-
clude uncertainties in (i) the acceptances for like-sign and
unlike-sign dielectrons, (ii) the hadron contamination, and
(iii) the efficiency corrections [9]. The dominant systematic
uncertainty contribution in the LMR, the efficiency correction
uncertainty, is 8%, 7.7%, and 10.8% for

√
sNN = 27, 39, and

62.4 GeV, respectively. For masses greater than the φ mass,
the hadron contamination uncertainty is of the same order
as the efficiency-corrections uncertainty. The uncertainty in
the acceptance factor begins to contribute significantly above
≈2GeV/c2. The sources of uncertainty are added together in
quadrature to determine the total systematic uncertainty as a
function of Mee.

The hadronic sources for dielectrons were simulated us-
ing the method described in [9,10], where the meson yields
follow the method in [10]. They include contributions from
direct and/or Dalitz decays of π0, η, η′, ω, φ, J/ψ mesons,
as well as contributions from cc̄ and Drell-Yan (DY) de-
cays. The input pT spectral shapes were created using Tsallis
blast-wave (TBW) parametrizations [22] based on STARmea-
surements of light hadron production. The J/ψ pT spectra
were estimated for

√
sNN = 39 and 62.4 GeV using Boltz-

mann parameterizations which were based on published data
[23], while the

√
sNN = 27 GeV spectra were estimated us-

ing the same parametrization as for the
√
sNN = 39 GeV

data.
The semileptonic decays of charmed hadrons in p+ p

collisions were simulated using PYTHIA v6.416 [24] with the
tune described in [25]. The perturbative QCD fixed-order
plus next-to-leading logarithms upper limit [6,26] was used
to fit the world-wide measurements of σNN

cc̄ [27] in order
to determine the input charm production cross section. The
σNN
cc̄ values estimated from the fit are 17 ± 6, 37 ± 2, and

91 ± 6μb for
√
sNN = 27, 39, and 62.4 GeV, respectively. The

obtained charm-related distribution was scaled by the num-
ber of nucleon-nucleon binary collisions Nbin [28] to obtain
an estimate of the charm contribution in minimum-bias (0–
80% centrality) Au + Au collisions [10]. The DY contribution
was estimated following the procedure used in [9]. However,
σ

pp
DY (

√
s) was taken from PYTHIA and was corrected by the

ratio of the cross section used in [10] to the corresponding
PYTHIA cross section at

√
s = 19.6 GeV.

The efficiency-corrected spectra are shown in Fig. 1 for
0–80% most-central Au + Au collisions at

√
sNN = 27, 39,

FIG. 1. Background subtracted dielectron invariant mass spectra
within the STAR acceptance from

√
sNN = 19.6, 27, 39, 62.4, and

200 GeV 0–80% most-central Au + Au collisions. Errors bars and
open boxes represent the statistical and systematic uncertainties in
the measurements. The solid black curves represent the hadronic
cocktail, with the gray bands representing the cocktail uncertain-
ties. The curves underneath the

√
sNN = 62.4 GeV hadronic cocktail

curve and gray band represent the cocktail components at 62.4 GeV.
For better presentation, the measurements and cocktail predictions
are not listed in order by energy but have been scaled by factors
2.5 × 105, 3 × 104, 2.5 × 102, 1, and 6 × 10−3 for results at

√
sNN =

200, 19.6, 27, 39, and 62.4 GeV, respectively.

and 62.4 GeV. The figure shows pT -integrated invariant mass
spectra captured in the STAR acceptance at midrapidity
(|ηe| < 1, peT > 0.2GeV/c, and |yee| < 1), where each data
point is positioned at the bin center and the bin markers paral-
lel to the x axis indicate the bin width. The data are compared
to a hadronic cocktail without the vacuum ρ meson since
its contributions are expected to be strongly modified in the
medium. To illustrate the extent of STAR’s systematic study
of e+e− production, Fig. 1 includes the efficiency-corrected
spectra for the 0–80% most-central Au + Au collisions at√
sNN = 19.6 and 200 GeV from Refs. [9,10].
Figure 2 shows the ratio of the present data to the hadronic

cocktail with the yields from ω and φ subtracted from both
the data and cocktail. The open boxes depict the experimental
systematic uncertainties, while the gray bands represent the
cocktail simulation uncertainties. To keep the data and cock-
tail uncertainties separate throughout this study, the ω and φ

yield uncertainties remain in the cocktail uncertainties. A clear
enhancement is observed in the LMR relative to the hadronic
cocktail for each of the three collision energies.

Model calculations within the STAR acceptance by Rapp
et al. [13,29], Endres et al. [30], and calculations using the

L061901-4
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FIG. 2. The ratio of the invariant mass spectra to the cocktail
with the ω and φ yields removed from both the data and cocktail.
The gray area shows the cocktail uncertainties. Model calculations
by Rapp et al. [13], Endres et al. [30], and PHSD [14,15] were sepa-
rately added to the reference cocktail and compared to the reference
cocktail, via ratios, as shown with the curves.

PHSD model [14,15] were separately added to the hadronic
cocktail and the resulting combined spectra are compared to
the reference cocktail, via ratios, as shown in Fig. 2. The
model by Rapp et al. is an effective many-body calculation
for vector mesons where the spectral function of ρ is mod-
ified (broadened) primarily due to interactions with baryons
and mesons (i.e., a hadron gas). The model by Endres et al.
is a coarse-grained transport approach that includes the ρ

spectral function mentioned above from [13,31]. PHSD is a
microscopic transport model which includes the collisional
broadening of the ρ. Each model has successfully described
the LMR μ+μ− excess yield observed by the NA60 ex-
periment, as well as measurements of Au + Au collisions
at

√
sNN = 200 GeV [8,12,13,15,30]. Each model includes

thermal contributions from the in-medium broadening of the
ρ spectral function and a QGP. In contrast to the models
in [13,29,30], the PHSD model includes an incoherent sum
of contributions from the ρ, the QGP, and Dalitz decays of
the a1 and 	 resonances. These contributions tend to un-
derestimate the e+e− yield for Mee < 0.3 GeV/c2. However,
we note that these PHSD model calculations do not include
Bremsstrahlung processes [15].

To further quantify the excess in the LMR, cocktail con-
tributions excluding the ρ meson were subtracted from the
dielectron yields. The excess spectra were corrected for
the STAR acceptance using a virtual photon method sim-
ilar to that described in [10]. The corrected excess yields
were then normalized to the charged particle multiplicities
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FIG. 3. Acceptance-corrected dielectron excess mass spectra,
normalized by dNch/dy, for Au + Au collisions at

√
sNN = 27, 39,

and 62.4 GeV. Model calculations (curves) [13–15] are compared
with the excess spectra for each energy, as explained in the text. Indi-
vidual components of the PHSD model calculations are only shown
for Au + Au collisions at

√
sNN = 62.4 GeV. The error bars, open

boxes, and filled boxes indicate statistical, systematic, and cocktail
uncertainties. A 6% uncertainty on the acceptance correction is not
shown.

at midrapidity2 (dNch/dy) in order to cancel out the volume
effect. Figure 3 shows the acceptance-corrected excess spec-
tra. Systematic uncertainties from the measurements and the
cocktail are shown in the figure as the open and filled boxes,
respectively. The 6% uncertainty from STAR’s acceptance
correction and the uncertainty of dNch/dy are not shown
in the figure. Model calculations [13–15] in Fig. 3 include
contributions from broadening of the ρ spectral function in a
hadron gas (Rapp Rho) and from QGP radiation (Rapp QGP).
The PHSD model calculations in Fig. 3 include contributions
from the ρ meson (PHSD Rho), QGP (PHSD QGP), Dalitz
decays of the a1 (PHSD a1), and 	 resonances (PHSD Delta).
The sums (Rapp Sum, PHSD Sum) are compared with the
excess yield at each energy. Calculations by Rapp et al. have
an uncertainty on the order of 15% [13], and PHSDmodel cal-
culations have an uncertainty on the order of 30% [32]. Within
uncertainties, the model calculations are found to reproduce
the acceptance-corrected excess in Au + Au collisions at each
of the collision energies.

To allow for a direct comparison of our measurements
with previously published results and model calculations, we

2For Au + Au collisions at
√
sNN = 27 and 39 GeV, dNch/dy is

approximated by the dN/dy sum of π±, K±, p, and p̄ [18]. For√
sNN = 62.4 GeV, dNch/dy is given in [19].

L061901-5



M. I. ABDULHAMID et al. PHYSICAL REVIEW C 107, L061901 (2023)

 [GeV]NNs
20 30 40 50 60 100 200

/d
y)

ch
(d

N
/d

y)
/(

dN

2

4

6

8

10

12
2 < 0.75 GeV/cll0.4 < M

-6x10 STAR

Au+Au 0-80%
Cocktail Uncert.

 >30 ηIn+In dN/d
Rapp et al.
Endres et al.
PHSD

FIG. 4. Collision energy dependence of the integrated dilepton
excess yields in 0.4 < Mll < 0.75 GeV/c2, normalized by dNch/dy.
The closed markers represent the experimental measurements, while
the open markers represent the calculations from Rapp et al., En-
dres et al., and PHSD. For measurements at

√
sNN = 27, 39, and

62.4 GeV, the open and filled (gray) boxes represent the systematic
errors in the measurements and the cocktail uncertainties, respec-
tively. The 6% uncertainty from the acceptance correction is not
included. For measurements of minimum-bias, 0–80% central Au +
Au collisions at

√
sNN = 19.6 and 200 GeV, the open boxes represent

the total systematic uncertainty in the measurements.

integrated the acceptance-corrected dielectron excess spec-
tra in the mass region from 0.40 to 0.75 GeV/c2. Figure 4
shows the integrated excess yields normalized by dNch/dy
from the 0–80% most-central Au + Au collisions at

√
sNN =

27, 39, and 62.4 GeV, together with our previously published
results [10] for the 0–80% most-central Au + Au collisions
at

√
sNN = 19.6 and 200 GeV. In addition, we compare to

the NA60 μ+μ− measurement at
√
sNN = 17.3 GeV for

dNch/dη > 30 [33].3 For the measurements at
√
sNN = 27,

39, and 62.4 GeV, the systematic uncertainties from the data
and cocktail are shown as the open and filled boxes, respec-
tively. For the measurements at

√
sNN = 19.6 and 200 GeV,

the total (cocktail + data) systematic uncertainties are shown
as the open boxes. The normalized, integral yields frommodel
calculations, shown in Fig. 4, agree with the measurements.
Note that the result for Au + Au at

√
sNN = 19.6 GeV [10] is

consistent within uncertainties with the μ+μ− measurement
from NA60 in In + In collision at

√
sNN = 17.3 GeV [7,33].

The normalized integrated excess yields show no statisti-
cally significant collision-energy dependence for the 0–80%
most-central Au + Au collisions. This may be because dilep-
ton production in the medium is expected to be mainly
determined by the strong coupling of the ρ meson to baryons,
rather than to mesons [4]. We know that the total baryon
density remains approximately unchanged for minimum-bias

3NA60 measurements in [7] have been updated in [33]. This Letter
uses the updated measurements while [10] used the previous mea-
surements. Additionally, dNch/dy = 120 is used, where dNch/dy =
140 was used in [10].

Au + Au collisions with collision energies above
√
sNN =

20 GeV [18]. However, the models and our data are statis-
tically consistent even though the model predictions display
modest energy dependence.

In summary, we have reported dielectron yields for the
0–80% most-central Au + Au collisions at

√
sNN = 27, 39,

and 62.4 GeV. The data were collected with the STAR detector
at RHIC. The new measurements complement the previously
published results [8–10,12] and the combined data sets now
cover an order-of-magnitude range in collision energies over
which the total baryon density and freeze-out temperatures are
remarkably constant [18]. Across the collision energies, we
have observed statistically significant excesses in the LMR
when comparing the data to hadronic cocktails that do not
include vacuum ρ decay contributions. The excess yields have
been corrected for acceptance, normalized by dNch/dy, inte-
grated from 0.40 to 0.75GeV/c2, and reported as a function of√
sNN . The measured yields show no significant energy depen-

dence and are statistically consistent with model calculations.
While restricted to the ρ-meson mass range and limited by

statistical and systematic uncertainties, our findings are con-
sistent with models that include ρ broadening in the approach
to chiral symmetry restoration [34]. Further experimental tests
of the models discussed in this Letter are warranted.

As part of the Beam Energy Scan Phase II project, the
STAR Collaboration has collected over an order of magni-
tude more data than previously acquired in the energy range
from 7.7 to 19.6 GeV, where the total baryon density changes
substantially [18]. Future studies may therefore allow us to
better understand the competing factors that play a role in the
LMR dielectron excess production [29] and to further clarify
the connection between ρ-meson broadening and chiral sym-
metry restoration.
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